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Proteins mth expanded poly]^utamine repeats cause Hunting- 
ton's disease and other neurodegenerative diseases. Thmscrip- 
tional dysregulation and loss of function of transcriptional co- 
activator proteins have been implicated in the pathogenesis of 
these dis^ue^. Huntington's disease is caused by expansion of a 
repeated sequence of the amino add g^utamine in the abnormal 
protein huntingtin (Htt). Here we show that the polj^utamine- 



containing domain of Htt, Htt exon 1 protein (Httexlp), directly 
binds the acetyltransferase domains of two distinct proteins: 
CREB-binding protein (CBP) and p300/CBP-associated factor 
(P/CAF). In cell-free assays, Httexlp also inhibits the acetjitrans- 
ferase activity of at least three enzymes: p300, P/CAF and CBP. 
Expression of Httexlp in cultured cdls reduces die level of the 
acetylated histones H3 and H4, and this reduction can be reversed 
by administering inhibitors of histone deacetylase (HDAC)/n vivo, 
HDAC inhibitors arrest ongoing progressive neuronal d^enera- 
tion induced by polyglutamine repeat expansion, and they reduce 
lethaUty in twoi>n>M>pA(lamodeb of polyglutamine disease. These 
findings raise the possibility that therapy with HDAC inhibitors 
may slow or prevent the progressive neurodegeneiation seen in 
Huntii^on's disease and other polyglutamine-repeat diseases, 
even after the onset of symptoms. 

Huntington's disease is a late-onset neurodegenerative disease 
characterized by a movement disorder, neuropsydiiatric symptoms 
and cognitive deficits caused by expansion of a glutamine repeat in 
the Htt protein. Currently, no cure or effective treatment for &is 
agonizing, lethal disease exists. The aetiology of several odier 
neurod^enerative diseases, including spinocerd>dkr ataxia I and 
Kennedy's disease, also invokes expansion of a poly^utanune 
repeat^. Ihe pathology of these diseases may imrohre transcriptional 
dysr^ation'. We previously found that a fragment of mutant Htt 
interacts directly with CBP, vMdi contains an acet}itransfeiase 
domain and is a co-activator of numerous promoters*''. Mutant Htt 
represses transcription from CBP/p300 co-activated promoters in 
cell culture", and CBP and other transcriptional r^ulatory pro- 
teins are sequestered in cytoplasmic and nuclear aggregates in both 
transgenic mice and patient brains^. In addition, ectopic over- 
opiession of CBP reduces polyglutamine-mediated death of cul- 
tured celk^. These observations prompted us to mvestigate whether 
Htt interacts with other acet^transferase-containing enzymes, to 




Rgwe 1 Htt Meiacts wilfi Itie acetyltransferase (M) domain of C8P and P/CAfih vHm. GST-51QP. c. Interaction of GST-Htt fuskw proteins, contalntag wfld-type and expanded 

a, Sctiematic representations of CBP and P/CAF. RD, nuclear homK^ polyglutanUne stretehes. witli and witlxKX the proline-ri* 

interacting domain; CT1,CH2,CH3,cysteine-Ksti(Sne-iich regions 1.2 and 3; Br, pn*es containing tlie AT domains of CBP and PAVtf. A representative autoradiogram of 

bronK)domain;KK.CRffi-blnding domain. Ttieamino-acid residues used a^latieB^ the middle panel Is shown. Sliglit alteration in ttie pattern of CBP(1 ,459-1 ,877) In the 

probes for GST p(i-down assays with GST-Htt proteins are designated below each GST-SIQP lane as compared with Ihe other lanes Is due to connigration of GST-51QP 

protein (lagram.b. Results of GST pulHlown assays iBingradnaclm wllhlabeBedC8P(1.45»-U77). 

and P/CAF with GST-S1QP HtL The AT domains of both CBP and P/CAF Heract with 
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HgureSA reduction in ace^tion of hlstonesH3aixlH4 is induixd by Hit exp^^ EGF,showareductloninlt)eievelofacety<ationofH4,wtiichcanberevei5edbyb^ 

ceilcultim.a,l>C12ixIlsinducedtoexpress2SQP-GITa103QP-GFPshowa reduction beatmenLEquvalentievels of liistones are shown by Coomassie blue staining^ and b)w 

in tfte level of acetylaOon of bott)histDnesH3 and H4.b. A second strain of stably wrtti anO-Mstone H3 
transfected PC1 2 cells, grown in the absence of butyrate but induced to express F1 03QP- 



add (SAHA) also increased acct)4ation of H3 and H4, rcvening the 
decrease induced by Httexlp (data not shown). Although acetyda- 
tion levds are altered, total histone levels in \diole-ceIl extracts, 
determined by Coomassie blue staining of total cdl lysates, arc 
undianged by induction of Htt proteins. Thus, expression of 
Httexlp causes a global reduction in acet^tion of histones H3 
and H4 that is reversed in the presence of HDAC inhibitors. 

We found that even normal repeat Htt can bind to and inhibit 
acet}dtransferase activity (Hgs 1 and 2), so why is pathology 
associated widi only expanded repeat Htt? Mutant Htt can be 
proteolytically processed; the pathogenic fragment localizes to the 
nudetis, where it is capable of inhibiting acetydtransferase 
activity*"'^". However, uncxpanded repeat Htt does not norraaDy 
localize to the nudeus" and therefore is not present in the cellular 
compartment appropriate to inhibit nudear CBP activity. Indeed, 
ime]q>anded polyglutamine repeats can cause pathology. For 
instance, tme^anded human ataxin-1 protein, which contains 30 
glutamines, is normally localized to the nudeus". If it is tspressed at 
suffidently high levels there, it can produce neurod^eneiative 
phenotypes similar to expanded 82-g^utamine atazin-1 in either 
Dmsophila or mice*^. Thus, polyglutamine pathogenesis depends 
heavily on both levd and location. 

The reduced acet^tion of histones observed in the presence of 
e3q)anded repeat Httexlp in vitro (with or without prolines), and 
die subsequent reversal of this effect with HDAC inhibitors in cdl 
culture, suggested that reduced acetydtransferase acthdty may be an 
jmporUnt component of polyglutainine pathogeneds in vim. 
txpanded polyglutamine peptides alone" as wdl as ejqianded 
repeat Httexlp (this report) are intrinsically cytotoxic and cause 
reduced viability and neuronal degeneration when expressed in 
Drosophila neurons. If polyglutamine pathology involves suppres- 
sion of histone acetylation, then one would predict that inhibition 
of the deacet)dation process by cither of two completdy indepen- 
dent mechanisms (for example, pharmacologically or genetically) 
would slow or reduce polyglutamine pathogenesis in vivo. To test 
this hypothesis, transgenic flies were engineered to express dther 
Httexlp or just polyglutamine peptides'* in neurons. We monitored 
the effects of feeding flies with the HDAC inhibitor butyiate and 
SAHA, and of geneticaDy redudng the activity of their HDAQ on 
both lethaUty and degeneration of photoreceptor neurons. 

Neurodegeneration is most readily observed in the fly compound 
eye, whidi is composed of a regular trapezoidal arrangement of 
seven visible rhabdomeres (subcellular light-gathering structures) 
produced by the photoreceptor neurons of each Drosophila omma- 
tidium (Kg. 4j). We found that e]q>ression of Httexlp with 93 
glutamines (Q93) led to a progressive loss of rhabdomeres (Fig. 4a). 
Rather than the normal seven visible rhabdomeres, the number of 
rhabdomeres seen in flies C3q>tessing Httexlp Q93 ptx>gressivdy 
declined from an average of 6.35 at day 1 to 5.13 and 4.66 at days 6 
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and 12 after edosion, respectively (that is, following emergence 
from the pupal case as an adult). Rearing larvae that caressed 
Httexlp Q93 on SAHA- or butyratc-containing food reduced die 
levd of d^cneration observed (Fig. 4b, c). Expression of the 
Httexlp Q93 transgene results in ~70% lethality (data not 
shown) and early adult death (Fig. 4d). In contrast, animals fed 
the HDAC inhibitor SAHA show increased viability ( 10 (iM SAHA 
suppresses lethality to 459^ data not shown), and eady aduk deadi 
is markedly repressed in a ooncentradon-dependent manner (Rg. 
4d). 

The effects of HDAC inhibitors on transgenic flies aq>ressing 
extended polyglutamine peptides alone (Q48) were similar to diose 
described above: Q48 flies fed butyrate or SAHA had die same 
distribution of rhadomeres by day 6 as 1-day-old flies (data not 
shown), whereas their siblings diat did not receive HDAC inhibitors 
showed a significant degeneration of rhabdomere number over time 
(average of 5.47 at day 1 versus 3.92 at day 6; Fig. 4g. j). Even v*en 
fed HDAC inhibitors only after emerging fix>m fbe pupal case as 
adults, progressive d^eneration of photoreceptor neurons was still 
prevented (Fig. 4h, i). TTiereforc even when administered to 
animals already exhibiting neurod^eneration, HDAC inhibitors 
markedly retard (or arrest) further neuronal d^eneration. Tlius, 
HDAC inhibitors rescue pathological effects of both polyglutamine 
peptides and Htt exon 1 polypeptides in vivo. 

It is possible that HDAC inhibitors mig^t affect cdlular processes 
odier than die deacetylase padiways. As an independent test of die 
significance of acet]dation Uyds in the pathogenic procKS, we 
manipulated acetjdation levels genetically and examined padiology. 
The Drosophila Sin3A locus encodes a co-repressor protein diat is a 
component of HDAC complexes". We found that reducing the 
levels of HDAC by a partial loss of function mutant, Stfi3A , in 
heterozygotes increased the viability of Httexlp Q93 flies from 29% 
to 65% and led to a reduction in the extent and rate of neurode- 
generation (Fig. 4e). Because tiiis mutant allde represents a partial 
loss of Sin3A function, the effect on rescue of neutod^eneration 
maybe less than that observed in the presence of HDAC inhibitors. 
Thus, both genetic and pharmacological reductions in die activity of 
HDAC reduce die rate and extent of polyglutamine-induced 
pathoI<^. 

To rule out the possibility that the rescue of degeneration and 
lethality by HDAC inhibitors was simply due to altered expression 
of the polyglutamine transgenes in the presence of HDAC inhibi- 
tors, we used western blotting to compare the levd of transgene 
expression in larvae eqiiessing exon 1 polypeptides in neurons in 
the presence and absence of butyrate or SAHA (Fig. 40' Tfamsgene 
expression was unaltered by die presence of HDAC inhibitors. 

Aldiougfa we have shown fimctional interactions of Htt wddi CBP, 
P/CAF and p300, dwse results do not exdude die possibility dut 
other acetyltransferases may be targeted, but dwy do saggiest diat 
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treatments that raise global levels of acet)4ation may be effective in 
ameliorating the effects of Huntington's disease and other neuro- 
degenerative processes, even after the onset of symptoms. 

The above results raise the possibility that Htt peptides can lead to 
reduced levels of acetjdation and transcription, both by binding to 
acetyltransfeiase domains and inhibiting soluble activity, and by 
sequestering polyglutamine-containing transcription &ctors (such 



as CBP and others) by trapping them into aggregates. When tested 
in vivo in Drosophila models of polyglutamine pathogenesis, inhibi- 
tion of the deacetylation process by two independent mechan- 
isms — pharmacological (HDAC inhibitors) and genetic (reduction 
of Sin3A activity) — reduced d^enetation of photoreceptor neu- 
rons and lethality. Other investigatots have observed a reduction in 
acetylation induced by aq>anded pol^utamine-repeat proteins. 





Hgure 4 to iAd consequences <rf altered ace^Hiaiisfeiase (WK^ 
(tiab(k)me(es per ommaOditmi at 1 and 6 d after ectenn in ftes expre^ 
shows progressive loss, b, Administiatnn of SAHA sk)ws pho^ 
The number of rtubdomeres per ommatidum at 6 d after edoslon Is inaricKlly inipfoved 
in Httex1p-Q93-expressing fBes fed SAHA. Animals were fed 05, 2 and IQiM SAHA. 
Itesults with 2 |iM SAHA are shown, c. Admlnistratnn of butyrate slows neun^ 
degeneratkm. The nund)er of rhabdomeres per onunatidiuin at 6d after ecloslon Is 
marfce(fiy improved in Kttex1p-Q93-expresslna flies bu^te. Animals were tM 10. 
30 and 100 mM bu^. ResuHs with lOOmM butyrate are showad, AdfflWsliatian of 
SAHA Imprmes the 6^ survival of aduK ICes expiessina Httexip. Animals were fed 0£^ 
and 10 SAHArSssolved In DMSO. Per oert fescue wascalculaledasfal^ 
survMng - per cent sunMto on sotvem aloneVin - per cent sunMn^ 
At least 100 fSes were evaluated for lethal^ per genotypes GeneGcaSy reducing 
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deacetylase acGvlly in Sn34 hetetozygotes slows degeneration. Fles expresskHi 
093 and heterozygous for aS«T34 mutation were compared with similar fBes without the 
£ivi34 mutalioa The photoreceptor distrbution was monitored at 6 d i, Expression of the 
Httexlp 093 transgene Is unchanged by treatment with either SAHA or butyrate. A 
western blot of extracts from larvae expressing Httexlp 093 and treated either with 
soh«nt alone or solvem with SAHA or butyrate was probed with anti-Htt antlwdy. SimRar 
amounts of protein were loaded, as determined by Bradford assays and confinned by 
Coomassie staining of the gel.g. Rhabdomeres In the eyes of ffies expressing lagged 048 
peptides also show progressive ioss.il, i, Progressive degeneraSon of phobHec^ 
neuransinQ48-expressingffie$l5anestedby2|(MSAHAMor100mMbu^(!)even 
when (eedhg Is initiated only In adult ffies.!. Photographs of ommaOdb from 048- 
expressbig llies wNh and without HOAC kihbltars. 
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for example, in yeast (R. Hughes and S. Fields, personal communica- 
tion ) and in a cdl-culture model of Kennedy's disease (A. M cCan^>beII 
and K. Fischbeck, personal communication). These results stron^y 
implicate the state of acetjdation in the pathogenic process. Because 
several HDAC inhibitors, induding SAHA", are cutrently approved 
by the US Rx)d and Etaig Administration (FDA) for use in o ' 

cUnical settings or are in phase I clinical trials, HDAC inhibitors with i Nikon EFD-3/Optiplio(-2 ta>pe using a XSO objective! and photographed 

should be serioudy considered as potential thenqwitic %ents fior Spot omen. At feast zoo oniniatkKa we w>wdf<w 
Huntington's disease and related diseases. □ 



GST-Hll eimn 1 liision proteins", pd)NA3.1 conuining the oomplemenury DNA for 
CBP". pGST-P/CAF-AT domain (encoding amino adds 87-768), and pcDNA3 
containing the cDNA for P/CAF" were used. A Hag Ug wis cloned in front of alternating 
CAG/CAA repeats" to create F103QP-EGFP. For transgenic DmotMia lines, Htt emnl 
subdonedimopUAST". 



GST puU-doiwn assays 




Domains of C3P %»ere amplified bjrpoijnnctase chain 
doned into pd>NA3.1. Binding and «ctint)r<i*lai 
with SuiVkw. 



& Aranoctiati. M. L p3(» and CBft pHtarn Kfe airf da«lL A CUL fkywil 111 

daiUNi-KliaaneFiMdaiMcncliwillipSJairiai 
•c Mat AadL &i USA «7, C7»-«M8 OOM). 



Icadii« to cdhdir iaiidlr. Sdan in. M23-M» (2II0I). 
r. MoCanphcl,A.<><lCUB«i 

Cm. % ivn-Tiai (1000). 



The dto of Hit piotdns on the acetyltransferase activitjf was assayed ill ntro by a 
modified tedmlque". GST fusion protons were washed in Ix HAT bu&r (10 mM 
butyi.teatpH7A10%gly«fol.50mMTHsHatlpH«A03mMdilhiodireitol(inT). 
0.1 mM EOTA. 0.1 mM phenyhnedvl tu^ihooH fluoride (PMSF)), then (faded %iiilfa 
ISmMgluUthionein IxHATbui&rantainu«50niMMaQuinlifiedb)rCoomas>ie 
■tain, 0.6 nmol ofHtt GST fiision proteins or GSTalone were mcubaled for to mm at room 
temperature with 10 pmolofGST-CBP (amino adds I,099-I,877),4pmolorGST-p300 
(amino adds 1,195-1,707) (purchased fiom UpsUte Biotedmology), or 360pniol of 
CST-P/CAF (amino adds 87-832), as estimated by Bradford analysis, in a total votume of 
SS |it We then added 10 na "C«etyi eoeniyine A (52 ma mmoT', NEN) and 2 tig of 
biotinytated N-terminal H4 (amino adds 1-21) pepUde (Upstate Biotedmology) in a 
volume of 4 (li, and the mixture WIS incubated for 45 min at 30*C We added 500 (d of 
Ix HAT bufe with 30 (U of a 50% slurry of streptavidin-agarose (Upstate Biotedmology) 
pre-e(iuilibnled in IxHATbuffix This mixture was routed at4*C for 20 min, then spun 
in a inicrofuge at 2,600; for 2 min. The lupeinatam was removed, the pdkt %nsfaed twke 
In RIPA b«fe (SOmM TKs at pHTJ. ISOmM »ha 1% NP-W, 0J« aodlum 
deo>vdiolate,«m SDS. 1 mM EDTA and U mM PMSF) and coimted in a liquid 



analysis Of PC12 cells 

PCI2od!s.tlaUrliansfectcdwilhecdyione4ndudble(Invitioeen)F103QP-EGFP (ref.5 
and our own tmpuUished data) were fialed, induced with 5 |tM ponasttione (Invitrogen) 
for 48 h, and treated for the last 24 h %nth 5 mM sodium butyrate. Controls induded 
uninducgd and/or non-butyrate-treated cdls. Cells were iysed in Ix HAT buffer with 
SO mM >hCI. 0J% NP4a and a ptotease-inhibitor oockuil on ice for 10 min. Fifty 
microgranis of whole^ell extract were analysed by western bloc Separate, independently 
derived, ecdysone-indudble PC12 ceU lines were also analysed. Tliese odls, denoted 
PCI2/pEWKHtl (Z1QI03-EGFP cdls and PC12/pWN:HtlextQ2S-EGFP, were a gift of 
E.S.Sdiwitxa: These donalcdb contain a modified ennl of Htl" insetted mto an 

micrograms of whok^eO extracts from FC12 ceOs sl^ Iransfocted widi plasmids 
encoding inducible 2SQP-EGFP and 103QP-EGFP were analyaed for acctyltranifciase 
actMty. Control ceUs (uninduced) and cdls indooed with 1 |iM tebofonizide for 12 h were 
analysed by western Mot. Anti-acetylated histone H4, anli-hislone«3 and anij-aoelylated 
histone H3 (aU from UpsUte Biotechnology) %«en used to determine levels of ace^led 
histones H3 and H4 relative to levels of total H3. 
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Expression of polyglutamine-containing peptides is . 
system upstream activator sequence (UAS)-GAU in In 
plasmids expressing Httexlp with 20 or 93 glutamines produced nii 

sdneiy. TVn lines with the most tevere neunnal phenotype (P463 and P465) 
: chosen for die studies tcpoRed heie. Fahfghtumine slocks are w: P(w*'' « 




CMS^3fa«oim/)*'andw;K»^-0AS-Q« + m/rf/ligj-.Constradsunderlhe 

control ofa yeast UAS were crossed to flies expressing the 3feastGAL4 transcriptional — - - -- _ . _. _ 

activatof" driven by the neuron-spedfic promoter day (dironiosome-a driver for Q48 
lines^ and X-cfaromosome driver for Htt exon 1 lines") that is expressed in all neurons 
from embryogenesis onwards: w.P(w*-=:w<-.d«i'-GAI4yCxO.P(w*-<: = 
Aa - GFFVMRIQO <Klti|.GFP or w, Pd*-*.** •= G«wfi)<l«C;33. The inhibitor 

concentration ranges tested were based on odi culture cxperinienb(SAHA, a gUi from Conespondence and requests for materials should be addicssed to LM.T. 
Calbiochem) or published posttion effect variegation studies (butyrate)". For testing the ' •■ ' ' - • • - 
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